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The structural gene for yeast fructose-1,6-bisphosphatase (FbPase) has been cloned by complementation of a strain carry- 
ing the fbpl-1 mutation and lacking FbPase activity. By Northern analysis it could be shown that the fbpl-I mutation 
does not interfere with the transcription of the gene although no normal active enzyme is produced. Strains transformed 
with the cloned gene on a multicopy plasmid overproduce FbPase but are still subject o strong catabolite repression. 
Catabolite inactivation, however, is slowed down in such strains. 
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1. INTRODUCTION 
Fructose-l,6-bisphosphatase (FbPase) is subject 
in Saccharomyces cerevisiae to catabolite repres- 
sion [1] and to catabolite inactivation [2]. 
Catabolite inactivation occurs in two phases, a very 
rapid one caused by phosphorylation of the en- 
zyme and a slower one due to proteolytic degrada- 
tion [3-7]. To study the mechanisms underlying 
catabolite repression and inactivation a mutant 
lacking FbPase was isolated in our laboratory [8]. 
Although the mutation fbpl-1 appeared to affect 
selectively the FbPase activity, it was not deter- 
mined whether the mutation was in the structural 
gene or in a specific regulatory gene. Therefore we 
used this mutant to clone the corresponding gene 
by genetic omplementation a d as a result a DNA 
fragment was cloned which turned out to be the 
structural gene for FbPase. In the transformed 
strains FbPase is repressed by glucose as in a wild- 
type yeast. Inactivation by glucose, however, is 
delayed in a strain overproducing FbPase. 
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2. MATERIALS AND METHODS 
2.1. Media and growth conditions 
Difco yeast nitrogen base supplemented with 2% glucose or 
2°70 pyruvate was the minimal medium for S. cerevisiae. Re- 
pressed cells were obtained by growth in minimal medium 
glucose and harvested uring the exponential phase (< 5 mg 
yeast wet wt/ml). Derepression was achieved by overnight in- 
cubation of the cells either in minimal medium pyruvate + 
0.5 % yeast extract or in YP ethanol (1 o70 yeast extract, 1%0 pep- 
tone, 2°?0 ethanol). 
2.2. Strains and plasmids 
S. cerevisiae CJM 105 (t~ fbpl-1 ura3) was derived from the 
FbPase mutant isolated in [8]. S. cerevisiae RG1-Sd (or fbpl-2 
ura3) was derived from the FbPase mutant constructed by 
Sedivy and Fraenkel [9]. S. cerevisiae CJM 88 (or ura3 can g) was 
provided by C. Gancedo and S. cerevisiae DFY 432 (or leu2 trpl) 
by D.G. Fraenkel. Escherichia coli RYC 7010 contained a Tn5 
insertion in the chromosome and was provided by J.C. Perez 
Diaz. E. coli HBI01 was used for the plasmid manipulations. 
For subcloning the shuttle vectors pFLl [10], pCG542 (donated 
by R. Serrano) and YEp352 [11] and the integrative vector 
YIp352 [l 1] were used. 
2.3. Transformation 
Competent E. coli cells were prepared, stored and transform- 
ed by standard techniques [12]. For the initial isolation of the 
gene yeast was transformed by the protoplast method [13]. Sub- 
sequent yeast ransformations were performed according to the 
procedure of lto et al. [14]. 
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2.4. Recombinant DNA methods 
DNA manipulations were by standard methods [12]. Subclon- 
ing was carried out as follows (see fig. 1). pJM2 was obtained by 
total digestion of pJMl with BamHI followed by religation of 
the large resulting fragment. For pRG1, the 3.8 kb fragment 
Bglll-SamHI from pJM1 was recloned in the BamHI site of 
pFL1. For pRG2, the 4.4 kb HindIlI-HindIll fragment from 
pJMl was inserted in the HindIlI site of pCG542. For pRG5, 
pJM l was digested with SmaI which cuts also at the end of the 
URA3 fragment and the large resulting Smal-SmaI fragment 
was religated. For pRG6, pRG5 was digested with XhoI and 
with SalI which cuts within the Tet r region of pFL1. The large 
XhoI-SalI fragment was then religated. For pRG7, the 4 kb 
Xbal-XbaI fragment from pJM1 was recloned in the XbaI site 
of YEp352. The integrative plasmid pRG11 was prepared by in- 
serting the 4.4 kb HindlII-HindllI fragment used to construct 
pRG2 into the HindIII site of YIp352. It was linearized with 
8stEII. 
Transposon Tn5 mutagenesis was performed as described by 
Van Dyk et al. [15]. 
2.5. Northern blot hybridization 
Total yeast RNA was extracted as described [16]. 40 #g of the 
RNA preparation were electrophoresed on a 1.3070 agarose gel 
containing formaldehyde and transferred to a nylon membrane 
as described [12]. Hybridization and washing was as recom- 
mended by the manufacturer. 
2.6. Assay of fructose-l,6-bisphosphatase 
Extracts were prepared as described [6] with 20 mM im- 
idazole, pH 7, and the enzyme was assayed spectrophoto- 
metrically [17]. 
2.7. Fructose-I, 6-bisphosphatase inactivation 
Yeast derepressed in YP ethanol was resuspended in 0.1 M 
potassium phosphate buffer, pH 6, at 20mg/ml and 
equilibrated for 15 rain at 30°C with shaking. A 20°70 glucose 
solution was then added (final concentration 2°/0). Samples were 
taken at the indicated intervals, poured on an equal volume of  
ice-cold water, centrifuged and washed twice with chilled water. 
3. RESULTS AND DISCUSSION 
S. cerevisiae CJM 105 lacking FbPase is unable 
to grow on pyruvate as carbon source. To confer to 
this strain an FBP phenotype a genotheque (gene 
library) of S. cerevisiae in the shuttle vector pFL1 
[10] were used. Transformants were isolated by a 
two-step rocedure, selecting first for uracil pro- 
totrophy and screening among the selected clones 
for growth on pyruvate. Total DNA extracts from 
the transformants were used to transform E. coli 
HB101 selecting for ampicillin resistance. Plasmid 
DNA from the E. coli transformants was analysed 
and shown to contain the same 8 kb insert. The 
reisolated plasmid (pJMl) was used to transform 
again the CJM 105 strain. All transformants 
regained simultaneously uracil prototrophy and the 
ability to grow on pyruvate. 
To define the DNA region complementing the 
fbpl-1 mutation two approaches were used: sub- 
cloning of the DNA insert and mapping by 
transposon Tn5 mutagenesis. The results are 
shown in fig. 1. They indicate that the gene com- 
plementing the fbpl-1 mutation is included within 
the 2.1 kb XbaI-SmaI fragment. To check that the 
activity hydrolyzing fructose bisphosphate is really 
due to a specific enzyme, inhibition by AMP and 
fructose 2,6-bisphosphate was measured. It was 
found that both compounds inhibited the phos- 
phatase activity at the same concentrations de- 
scribed for native yeast bisphosphatase [18]. 
While this work was in progress Sedivy and 
Fraenkel [9] cloned the S. cerevisiae FbPase gene 
by complementation n E. coli and used this clone 
to construct a yeast strain with a disrupted FbPase 
gene. In a strain derived from this one (RG1-Sd) we 
have found that the lack of FbPase can be cor .... 
rected by transformation with the pJM1 plasmid 
and also by the subclones pRG6 and pRG7 showing 
unequivocally that the cloned gene corresponds to
the structural gene for FbPase. 
Complernentation 
of fbp t-1 
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79 48 
Fig. 1. Restriction map of the 8 kb yeast DNA fragment inserted 
in pJM1, subcloning and location of Tn5 transpositions. The 
plasmid pJMl was isolated by its ability to complement the 
fbpl-1 mutation of S. cerevisiae CJM 105 (for details ee text). 
The subclones were constructed as described in section 2. The 
last line shows the physical location of Tn5 transpositions into 
the cloned region of plasmid pJM 1. Transpositions which inac- 
tivated the gene FBP 1 are indicated by filled triangles and those 
not affecting gene expression by open triangles. Only the S. 
cerevisiae DNA segment is shown. Abbreviations: B, BamHI; 
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To test whether the fbpl-1 mutation blocked the 
expression of the gene, RNA from CJM 105 dere- 
pressed cells was analyzed by Northern blot 
hybridization. As seen in fig.2 the mutant pro- 
duced a 1.3 kb RNA which hybridized with 2 
EcoRI-EcoRI probes internal to the FBP gene. In 
contrast, when the RNA was extracted from a mu- 
tant where the FBP gene has been disrupted [9] no 
hybridization was observed. Wild-type yeast ex- 
tracts contain the same 1.3 kb mRNA as the fbp 1-1 
mutant: this mRNA is present only when the yeast 
has been grown under derepressed conditions, con- 
firming the results of Sedivy and Fraenkel [9]. 
From the results of the Northern analysis it is clear 
that the fbpl-1 mutation is not located in a 
regulatory region controlling the expression of the 
FBP structural gene. Most probably the coding 
region itself is affected, in such a way that no nor- 
mal active enzyme is produced. We cannot rule 
out, however, the possibility that the mutation in- 
terferes with an efficient translation of the cor- 
responding mRNA. 
The regulation of FbPase expression was in- 
vestigated in the transformed strains. As shown in 
table 1, both in the case of an integrative plasmid 
1 2 3 4 § 6 7 6 
H )~B X BB HS XH XH 
• I I I I I I  n II I . 
W 
Fig.2. Expression of  FBP 1 mRNA. Northern blot hybridization 
analysis of total yeast RNA was done as described in section 2. 
Cells were harvested from repressed (R) or derepressed (D) 
cultures. Lanes: I and 5, RG1-5d (D); 2 and 6, CJM 105 (D); 3 
and 7, DFY 432 (R); 4 and 8, DFY 432 (D). The probes were 32p 
nick-translated EcoRI-EcoRI DNA fragments isolated from 
pJM1 as shown in the restriction map. Lanes 1-4 were hybridiz- 
ed with probe 1 and lanes 5-8 with probe 2. Size (in kilobases) 
indicated by the arrow was determined by comparison with S. 
cerevisiae ribosomal RNA. 
Table 1 
Fructose-l,6-bisphosphatase activity of strain CJM 105 trans- 
formed with various plasmids 
Fructose- 1,6-bisphosphatase 
activity a
Repressed b Derepressed b 
Multicopy plasmid 
none < 1 < 1 
pJM1 < 1 200 
pRG2 < 1 5 
pRG5 2 280 
pRG6 2 250 
pRG7 < 1 200 
Integrative plasmid 
pRG11 < 1 55 
a Fructose bisphosphatase activity is expressed as nmol /min per 
mg protein. Results are the mean of at least 3 separate cultures 
b Conditions of  repression and derepression are given in section 
2 
and of a multicopy plasmid, repression by glucose 
was as marked as in a wild-type yeast. The amount 
of FbPase in the transformants containing multi- 
copy plasmids is 4-5-fold higher than in the yeast 
transformed with an integrative plasmid. It is strik- 
ing that the level of FbPase decreases about 50-fold 
in the yeast ransformed with pRG2 which lacks the 
upstream region SmaI-HindlII. This result is con- 
sistent with data recently published [19] but con- 
trasts with earlier work [9]. We have transformed 
the RG1-5d strain with the plasmid PRG2 and 
observed that in this case the specific activity of 
FbPase was much higher (80 mU/mg protein). 
From these results we conclude that the SmaI- 
HindlII region contains an upstream activating se- 
quence which is required for a high level of 
transcription of FBP in some genetic backgrounds 
but which is dispensable in strains from other 
genetic stocks. 
Since yeast transformed with a multicopy plas- 
mid overproduces FbPase it could happen that in 
this transformed strain the system which inac- 
tivates FbPase upon glucose addition becomes 
rate-limiting and the inactivation by glucose takes 
place with delayed kinetics. This possibility was 
tested and the results are shown in fig.3. The first 
phase of inactivation occurs as rapidly in the strain 
with high FbPase as in the control strain trans- 
formed with pFL1. The second phase, however, is 
delayed in the strain overproducing FbPase. These 
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Fig.3. Inactivation of fructose bisphosphatase by glucose in 
yeast strains with different levels of fructose bisphosphatase. In- 
activation was carried out as described insection 2. Inset: course 
of inactivation during the first minute. Each point represents the 
mean of 4 experiments. (O) CJM 88/pFLI (initial activity 
37 + 6 mU/mg protein); (e) CJM 88/pRG5 (initial activity 
200 +_ 50 mU/mg protein). 
results indicate that the system which phos- 
phorylates FbPase works at excess capacity and 
can handle an increased supply of its substrate. The 
proteolytic system, on the other hand, appears to 
be overtaxed by an excess FbPase and the second 
phase of inactivation proceeds at a slower pace. 
This conclusion would be supported by the obser- 
vat ion that in a yeast transformed with the FBP 
gene under the control of the PHO5 promoter,  
FbPase accumulates even in the presence of 
glucose, suggesting that an increase in the level of 
FbPase had saturated the inactivating system [20]. 
Catabolite inactivation accompanied by a specific 
loss of antigenic material has been shown to occur 
with other enzymes: phosphoenoipyruvate c rbox- 
ykinase (PEPCK) [21-23] and malic dehydro- 
genase (MDH) [24,25]. To test whether these en- 
zymes are degraded by the same system as FbPase, 
their inactivation was measured in the same strains. 
It was observed that inactivation of PEPCK is 
slower in the strain with high levels of FbPase (30070 
and 49070 inactivation at 60 and 90 min vs 41070 and 
62070 for the control strain). On the other hand, 
MDH is inactivated with similar kinetics in both 
strains (about 30070 after 60 min with no further in- 
activation at 90 min). These results would suggest 
that the gluconeogenic enzymes FbPase and 
PEPCK share a common inactivating system, while 
MDH is degraded by a different one. 
Acknowledgements: We are indebted to Dr F. Lacroute and to 
F. Exinger (Strasbourg, France) for their help in the preliminary 
phases of this work. We thank Pilaf Ochoa for her technical 
assistance. This work was supported by grant 27/84 of the 
CAICYT and by a grant of the FISS. Fellowships to R.G. 
(PFPI) and M.D.V.-H. (Caja Madrid) are also acknowledged. 
REFERENCES 
Ill Gancedo, C., Salas, M.L., Giner, A. and Sols, A. (1965) 
Biochem. Biophys. Res. Commun. 20, 15-20. 
[2] Gancedo, C. (1971) J. Bacteriol. 107, 401-405. 
[3] Lenz, A.G. and Holzer, H. (1980) FEBS Lett. 109, 
271-274. 
[4] Mfiller, D. and Holzer, H. (1981) Biochem. Biophys. Res. 
Commun. 103,926-933. 
[5] Maz6n, M.J., Gancedo, J.M. and Gancedo, C. (1982) J. 
Biol. Chem. 257, 1128-1130. 
[6] Funayama, S., Gancedo, J.M. and Gancedo, C. (1980) 
Eur. J. Biochem. 109, 61-66. 
[7] Tortora, P., Birtel, M., Lenz, A.G. and Holzer, H. (1981) 
Biochem. Biophys. Res. Commun. 100, 688-695. 
[8] Gancedo, C. and Delgado, M.A. (1984) Eur. J. Biochem. 
139, 651-655. 
[9] Scdivy, J.M. and Fraenkel, D.G. (1985) J. Mol. Biol. 186, 
307-319. 
[10] Chevallier, M.R., Bloch, J.C. and Lacroute, F. (1980) 
Gene 11, 11-19. 
[11] Hill, J.E., Myers, A.M., Koerner, T.J. and Tzagoloff, A. 
(1986) Yeast 2, 163-167. 
[12] Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982) 
Molecular Cloning: A Laboratory Manual, Cold Spring 
Harbor Laboratory, Cold Spring Harbor, NY. 
[13] Hinnen, A., Hicks, J.B. and Fink, G.R. (1978) Proc. Natl. 
Acad. Sci. USA 75, 1929-1933. 
[14] Ito, H., Fukuda, Y., Murata, K. and Kimura, A. (1983) J.
Bacteriol. 153, 163-168. 
[15] Van Dyk, T.K., Falco, S.C. and Larossa, R.A. (1986) 
Appl. Env. Microbiol. 51,206-208. 
[16] Elder, R.T., Loh, E.Y. and Davis, R.W. 0983) Proc. 
Natl. Acad. Sci. USA 80, 2432-2436. 
[17] Gancedo, J.M. and Gancedo, C. (1971) Arch. Microbiol. 
76, 132-138. 
[18] Gancedo, J.M., Maz6n, M.J. and Gancedo, C. (1982) 
Arch. Biochem. Biophys. 218, 478-482. 
[19] Entian, K.D., Vogel, R.F., Rose, M., Hofman, L. and 
Mecke, D. (1988) FEBS Lett. 236, 195-200. 
[20] Rogers, D.T., Hiller, E., Mitsock, L. and Orr, E. (1988) J.
Biol. Chem. 263, 6051-6057. 
[21] Haarasilta, S. and Oura, E. (1975) Eur. J. Biochem. 52, 
1-7. 
[22] Gancedo, C. and Schwerzmann, K. (1976) Arch. Micro- 
biol. 109, 221-225. 
[23] Miiller, M., Miiller, H. and Holzer, H. (1981) J. Biol. 
Chem. 256, 723-727. 
[24] Ferguson, J., Boll, M. and Holzer, H. (1967) Eur. J. Bio- 
chem. 1, 21-25. 
[25] Neeff, J., H~igele, E., Nauhaus, J., Heer, U. and Mecke, 
D. (1978) Eur. J. Biochem. 87, 489-495. 
152 
